The function of the human foot is described dichotomously as a compliant structure during mid-stance and a stiff lever during push-off. The archspring and the windlass mechanisms, respectively, describe each of these behaviours; however, their interaction has not been quantified to date. We hypothesized that by engaging the windlass mechanism with metatarsophalangeal joint (MTPJ) dorsiflexion, we would observe stiffening of the arch and reduced energy absorption and dissipation during dynamic compressions of the foot. Using a custom apparatus, the MTPJ angle was fixed at 30 degrees of plantarflexion, neutral or 30 degrees of dorsiflexion for nine participants, with the shank positioned similarly to the end of mid-stance. The arch was compressed at two speeds, with the faster speed comparable to walking around 1.5 m s
Introduction
Walking and running are integral movements to human locomotion. The ability to manoeuvre over constantly varying surfaces at a range of speeds is facilitated by an elegant interplay of movements in the many small articulations of the feet. The foot adapts to variations in terrain, during which it functions as a compliant structure, managing energy absorption and transfer. However, the foot also assists with forward propulsion during push-off, where it behaves more like a stiff lever. This dichotomous compliant -stiff function of the foot is often considered to play a key role in the ability to walk and run on two feet.
The main structure thought to be responsible for modulating the stiffness of the foot is the medial longitudinal arch (MLA). The MLA is formed by nine bones (the calcaneus, talus, navicular, three cuneiforms and first three metatarsals [1, 2] ) which are supported by both ligamentous and muscular structures that span the length of the MLA [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The passive structures (e.g. the plantar fascia, long and short plantar ligaments and the calcaneo-navicular ligament) have a particularly important mechanical role in modulating two known mechanisms that are believed to enhance human locomotion: the arch-spring [3] and the windlass [4] (figure 1).
The arch-spring and windlass mechanisms depict each side of the dichotomous compliant -stiff behaviour of the foot. The arch is compliant and spring-like as it compresses in height and elongates in length during the early-and mid-stance phases of gait. The arch then recoils in late stance, rising and shortening, which may aid with stiffening of the foot and may assist propulsion during push-off. On the other hand, Hicks proposed that the arch's transition from compliant to rigid during late stance is a function of the windlass action of the plantar fascia [4] . Hick's windlass mechanism suggests that dorsiflexion of the metatarsophalangeal joint (MTPJ) during late stance produces winding of the plantar fascia around the metatarsal head (or drum of the windlass). This winding of the plantar fascia pulls on the calcaneus, shortens and raises the arch, and inverts the subtalar joint [4, 5] . The crucial assumption in Hicks' hypothesis is that the plantar fascia is extremely stiff.
If the windlass mechanism appropriately modelled the foot's function, any MTPJ dorsiflexion would correspond to a change in arch length and height. However, if there is a change in arch length and the MTPJ angle is constant, the plantar fascia must stretch/strain to accommodate this deformation of the foot. Hicks concluded that the plantar fascia was stiff enough to perform the windlass action, with minimal elongation. However, measured elongation [3, [6] [7] [8] [9] [10] [11] [12] 18, 19] and energy return [3, [10] [11] [12] [13] of the plantar fascia during gait suggest that during dynamic, loaded tasks the effect of the windlass may be reduced. Previous cadaveric and finite-element studies have investigated the effect of varying the MTPJ angle on the strain in the plantar fascia [8, 18, 19] , and showed that increasing dorsiflexion in the MTPJ increases the strain in the tissue. However, it is unclear whether varying the MTPJ angle in vivo affects arch mechanics and energy return.
Elongation of the soft tissues in the arch, as the foot is loaded during locomotion, is consistent with the archspring mechanism proposed by Ker and colleagues [3] . Applying cyclical compressions to cadaveric feet, at loads similar to the ground reaction forces experienced during running, they highlighted that the plantar fascia, and other ligamentous structures of the arch, contributed substantially to elastic energy storage and return. We therefore question how these two mechanisms-the windlass and the archspring-interact to influence the shape and function of the medial longitudinal arch as a function of the MTPJ angle. Using a similar in vivo experimental paradigm to Ker and colleagues [3] , we examined how the MTPJ angle affects arch stiffness, energetics and kinematics during foot loading. We hypothesized that dorsiflexion of the toes would reduce deformation of the arch by pre-tensioning the plantar fascia and increasing the effective stiffness of the arch. We also hypothesized that an increased stiffness and decreased deformation of the arch with a dorsiflexed MTPJ would lead to less absorbed and returned energy in the foot compared to the plantarflexed MTPJ condition.
Methods
Nine healthy subjects (8M, 1F, mean + std. dev., mass 80 + 12 kg) with no history of lower limb injury provided written informed consent to participate in this study.
A force-controlled electromagnetic actuator (Linmot PS10-70x400U-BL-QJ, NTI AG Linmot, Switzerland) applied a compression force at one of two speeds through the shank to the subject's bare foot. The force was applied to the knee, directly vertical to the navicular, with the shank at an approximate angle of 158 to the vertical (similar to late mid-stance in walking, before heel rise [20] ) (figure 2). The effect of the MTPJ angle on arch deformation was tested by fixing the MTPJ passively at 308 of plantarflexion, neutral or 308 of dorsiflexion with respect to the ground. A thin, rigid metal plate angled for each MTPJ position was placed securely under the ball of the foot. The toes were attached with tape to prevent any angle changes during testing. The foot was in contact with two platforms, similar to Ker et al. [3] , with the platform under the ball of the foot fixed in place with grips. The heel platform had ball bearings fixed to the bottom, which allowed it to translate freely in the anterior/posterior direction on a linear stage. A 6 degree-offreedom force platform (Bertec, USA), capturing at 3700 Hz, was placed under this custom apparatus. The participants were instructed to relax as loads of one bodyweight were applied to the knee, compressing, holding and then releasing the arch of the foot. The fast condition loaded the foot to one bodyweight with a loading rate of 3.5 + 0.7 BW s 21 (mean + s.d.), which was selected to induce a similar time to first peak of the ground reaction force as walking between 1.0-1.5 m s 21 [21] . Six cameras (Qualisys, Sweden), sampling at 185 Hz, captured the three-dimensional positions of 20 retro-reflective markers (9.0 mm) placed on the skin surface of the foot and shank. The marker set was similar to Leardini et al. [22] , with an extra marker on the end of both the second and fourth proximal phalanges. In addition, three markers were placed on a rigid shank cluster, one marker was placed on the medial femoral epicondyle, and one marker was placed on the lateral femoral epicondyle. A multi-segment foot model consisting of the rearfoot, mid-foot and forefoot was developed from Leardini et al.'s [22] marker set. The transverse plane of the foot is the plane containing the calcaneal, first metatarsal and fifth metatarsal markers. The sagittal plane is normal to this plane, and intersects it along the vector between the calcaneus and second metatarsal markers projected into the transverse plane [22] .
The motion and force data were filtered with a fourth-order, low-pass Butterworth filter with a cut-off frequency of 6 Hz [23] , selected from a Fast Fourier transform analysis. The trials were cropped using the vertical dimension of the ground reaction force, at a threshold of 15 N, using a custom algorithm implemented in Matlab (Mathworks, Natick MA).
The medial longitudinal arch angle and the MTPJ angle (named F2Ps in [22] ) were calculated based on an established model [22] . Briefly, the MLA angle is the projection of the angle between the markers on the posterior calcaneus, sustentaculum tali of the calcaneus and the head of the first metatarsal into the sagittal plane of the foot. The MLA angle at the beginning of the compression is subtracted from the maximum MLA angle that occurred in a trial to yield the DMLA angle. An increased and positive DMLA angle indicates that the arch is being horizontally lengthened and vertically compressed. The angle between the markers on the first metatarsal base, the first metatarsal head and the proximal phalanx, projected into the sagittal plane, is the MTPJ angle. The reference neutral position (toes flat) was taken without any applied load and was considered as zero degrees of toe dorsiflexion.
The length of the arch was the distance between the posterior calcaneal and the first metatarsal head marker, along the path of the primary slip of the plantar fascia, normalized to the subject's longest recorded arch length (table 1). Elongation was defined as the range of the arch length during a trial. Arch height was the vertical displacement of the navicular marker, in the same dimension as the applied force on the knee. The initial arch height at the beginning of the trial was subtracted from the lowest arch height during that trial to calculate the arch compression, and is normalized to the largest measured arch compression for that subject (table 1). The arch height was differentiated with respect to time to compute arch velocity, which was multiplied with the vertical force, resulting in arch power. Integration of the arch power curve over time for one compression cycle yielded the work done in the arch (figure 3). The absorbed energy was taken as the range between the absolute largest energy measured in a trial (while loaded) and the beginning of the trial (unloaded); the returned energy was the difference between the absorbed energy and the energy value at the end of the trial; and the dissipated energy is the difference between the absorbed energy and the returned energy (figure 3). The proportion of returned energy was the ratio of energy returned to energy absorbed.
To quantify the shape changes in the arch, the axis about which the forefoot segment rotated relative to the rearfoot segment during the arch compression trials was calculated as the helical axis of motion [24] . The helical axis is defined as a single axis about which the three-dimensional (3D) rotation and along which the 3D translation of a rigid body relative to another occurs. The forefoot segment was first registered to the rearfoot for all frames. The helical axes of motion were then calculated between the first frame of the trial (with no deformation of the arch) and five frames at the midpoint of the trial (at the point of maximum arch deformation). The componentwise average of the rotation axis for these five frames was taken to reduce noise, and was expressed in the local foot coordinate system. Principal component analysis was completed on the average unit vector of the rotation axis, for every trial condition and across all subjects.
To test the static engagement of the windlass, the correlation between MTPJ angle and arch length was assessed when the foot was static and unloaded. The MTPJ angle and the arch length were determined for each trial condition, providing six combinations for each participant (slow/fast for dorsiflexed/neutral/ plantarflexed). An analysis of variance (ANOVA) tested the least-squares linear regression for the pooled data points.
A two-way repeated-measures ANOVA examined the effect of MTPJ angle (308 of dorsiflexion/308 of plantarflexion) and loading speed (fast/slow) on the energetics of the arch (absorbed, returned and dissipated energy, and the energy ratio), and the kinematic metrics of the arch (arch elongation, arch compression, DMLA angle, D helical axis rotation). To simplify the analysis, the neutral condition was not included in the ANOVA.
Paired sample t-tests evaluated differences in principal components of the rotation axes between MTPJ angles and speeds.
The alpha level was set at 0.05. All analyses were completed using custom software written in Matlab (Mathworks, Natick MA). Unless otherwise indicated, all values are mean + 1 standard deviation.
Results
In an unloaded, static position, the arch length was shorter by 5 + 1% (of the maximum length) when the toes were dorsiflexed compared to plantarflexed ( p , 0.01) (figure 4). Each subject experienced a decreasing arch length as the MTPJ angle varied from plantarflexion to dorsiflexion. There was a significant subject-specific linear correlation between the arch length and the MTPJ angle ( The MTPJ angle also influenced the kinematics of foot compression, with a significant effect in the elongation of the arch. The dorsiflexed MTPJ increased the elongation of the arch during the loading trials (D ¼ 0.0085 + 0.0026, P ¼ 0.0053 + 0.0020, p , 0.01), compared to when the MTPJ was plantarflexed. There were no significant effects on arch com- (table 2) . There were no significant interaction effects on any of the variables between compression speed and toe condition.
The first and second principal components of the orientation of the helical axes, respectively, explained 65.0% and 30.8% of the variance in the orientation. The second component was significantly different between the toe conditions ( p , 0.05), while the first component was not ( p ¼ 0.10). The first component primarily explained rotation axis orientation variation in the anterior-posterior direction (transverse plane rotation), and the second in the superior -inferior direction (frontal plane rotation) (see electronic supplementary material, figure S1 for visualization). When the first MTPJ was dorsiflexed, the rotation axis was oriented more superior-inferiorly, and more anterior, compared to when the MTPJ was plantarflexed, which caused the mid-foot to deform around an inverted axis (figure 6). By contrast, when the MTPJ was plantarflexed, the arch compressed primarily in the sagittal plane.
Discussion
The purpose of this investigation was to understand the interaction between the windlass and arch-spring mechanisms, by engaging the windlass through MTPJ dorsiflexion, and investigating the effects on arch energetics during a dynamic compression. We hypothesized that MTPJ dorsiflexion would pre-tension the plantar fascia and stiffen the arch. However, in contrast to our hypothesis, the engagement of the windlass mechanism reduced the stiffness of the arch and increased energy absorption and dissipation. The effect of MTPJ dorsiflexion therefore has the potential to affect locomotion by altering the mechanical energy profile within the foot.
The windlass mechanism predicts that when the MTPJ is dorsiflexed, the arch increases in height and decreases in rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180270 length, which was confirmed in the results of our unloaded condition. The relationship between the MTPJ angle and the arch elongation was highly correlated and largely consistent for all subjects. In contrast to the static, unloaded case, if the windlass mechanism explained the dynamic motion of the arch, then, for constant toe angles, there should be no change in the length of the arch. However, the arch elongated during the compression trials, meaning that the plantar fascia must deform to accommodate this change. This is consistent with the measurement of plantar fascia elongation in previous studies [3, [6] [7] [8] [9] [10] [11] [12] 18, 19] and implies that the windlass mechanism does not completely explain the behaviour of the arch during dynamic loading.
The windlass did, however, modulate the energetics of the arch during dynamic loading. When the windlass mechanism was engaged, the arch was shortened significantly, which probably placed other tissues crossing the arch closer to their resting length. The arch could therefore go through a greater excursion due to the nonlinear elastic properties of the arch-spanning tissues. This would functionally reduce the bulk stiffness of the arch and lead to greater elongation, and consequently facilitate greater Figure 5 . For a slow trial, the vertical force (normalized to bodyweight) is plotted against the compression of the arch (normalized to the maximum arch compression), with the slope of the curve as a representation of arch stiffness. The dorsiflexed condition showed reduced arch stiffness compared to the plantarflexed MTPJ. The shaded area provides an indication of the energy absorbed and returned by the arch of the foot. Figure 6 . Depiction of helical axis orientation differences between dorsiflexed (blue) and plantarflexed (green) MTPJ angles. The helical axis represents the axis about which the forefoot rotated relative to the rearfoot during a compression. The axes are taken from the same subject and loading condition. The toe condition is the only variation between the two axes. The bones are not in the appropriate orientation but provide a frame of reference. The marker set is also superimposed.
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rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180270 energy absorption and dissipation during cyclic loading of the foot. While the effect of perturbing the MTPJ angle on the specific internal structures of the foot cannot be determined with these methods, it is possible that modification to the shape and length of the arch changed the proportion of the load delivered to the arch's soft tissue structures. Differences in viscosity between these structures could also influence the dissipated energy in the arch.
The speed of compression had a small, but significant influence on the energetics of the arch. More energy was absorbed and returned by the arch of the foot when the arch was compressed in the fast condition compared to the slow condition. Similar peak forces and peak deformation were found across both loading speeds; however, a more linear stiffness in the fast loading condition (allowing for increased stiffness at low forces) was the main source of the increased energy stored and returned. It is likely that this small change in stiffness at lower forces may be the result of activation of the intrinsic foot muscles-which have been shown to alter arch stiffness under similar loading conditions [16, 17] . In this experiment, we did not measure intrinsic foot muscle activation (which requires intramuscular electromyography) and hence cannot confirm whether there was any difference in muscle activation across trials. We assume that muscle activation is primarily driven by force application [7, 16] ; however, there may also be a subtle difference in activation due to the velocity of stretch, which may have led to the difference in both energy absorbed and returned at the arch. Furthermore, there was no difference in the dissipated energy between the speed conditions. This is consistent with biological tissues generally requiring a strain rate difference of several orders of magnitude to elicit a change in viscous energy dissipations [25] .
MTPJ dorsiflexion modified how the foot deformed. The helical axis measure shows how the forefoot moves relative to the hind-foot, and, as a result, the motion described is independent of the foot's global position. Between two identical compressions, it would be expected that the axis would remain the same. However, when the MTPJ was dorsiflexed, the forefoot moved around an inclined axis relative to the hind-foot, compared to the plantarflexed MTPJ. This functionally means that if the hind-foot is hypothetically in the same position, the forefoot rotates more in the transverse plane (i.e. externally rotates) during a foot compression when the MTPJ is dorsiflexed than the purely sagittal motion that occurs when the MTPJ is plantarflexed. If there is more motion in the transverse plane, increased loads may be experienced by different arch-spanning structures that resist the external rotation of the forefoot, such as the medial band of the plantar fascia, the deltoid ligament or the abductor hallucis muscle. In other words, the load in the foot may be redistributed to different tissues, which could affect the energetics of the arch as a result of differences among the tissues' moment arms and material properties.
The shift of the helical axis from the sagittal plane ( plantarflexed MTPJ) to all three planes (dorsiflexed MTPJ) indicates that the two-dimensional truss model in the sagittal plane does not appropriately model the behaviour of the medial longitudinal arch. This is supported by the significant arch elongation but the non-significant arch compression. In addition, neither the change in the DMLA angle nor the amount of rotation about the helical axis show significant differences between the toe conditions. This suggests that there may be changes in the transverse arch that are not accounted for in these two-dimensional models, which has been suggested by Fuller [26] , and that three-dimensional models will more appropriately model the energetics and behaviour of the arch.
One limitation of this study is that our experimental paradigm did not exactly recreate conditions found during locomotion. The range of MLA angle values in healthy walking (about 48 in mid-stance, not including push-off [22] ) were close to the range experienced here (2.1-3.78); however, the first MTPJ and arch kinematics do not necessarily experience the combination of conditions controlled here. While it is difficult to directly relate our findings to foot function during gait, we have demonstrated a novel interaction between the windlass and the arch-spring, which is likely to be consistent across a range of toe flexion angles. For instance, if the dorsiflexion of the MTPJ is limited before initial contact during gait, it may limit the elongation of the arch, and thus its energy absorption during impact, and subsequently affect the foot's ability to absorb shock. It may also cause the foot to deform differently, by straining different arch tissues, which would also modify arch energetics. Therefore, the windlass mechanism may be important during initial contact, as well as during push-off. We also did not qualify the foot type (e.g. flat feet, high arch) of the subjects; however, we still found significant differences among conditions, which probably indicates that healthy feet function similarly despite potential morphological differences.
The foot was in contact with two points on the force plate, which prevented us from knowing the proportion of force on the rearfoot and forefoot. Other studies have allocated the force to the forefoot or rearfoot depending on geometry [10, 27, 28] or the location of the centre of pressure relative to the metatarsal heads [11] . As the direction of the applied force was one-dimensional in this case, the bulk energy metric used to quantify the energetics of the arch was a simple way to indicate arch mechanics without making assumptions about the force distribution on the sole of the foot. However, this approach may underestimate the total mechanical power transferred. Energy is also probably absorbed and dissipated in other soft tissues, such as the fat pad of the heel [29, 30] . Energy dissipations in the heel fat pad during walking have been shown to be 28.6 + 6.9% in cadaveric experiments [29] and 17.8 + 0.8% during in vivo experiments [30] . While we cannot separate the contributions of the arch and soft tissues of the lower limb with these methods, it seems unlikely that soft tissue dissipations in the knee or ankle joints, or the fat pad of the heel, are perturbed by the dorsiflexion of the MTPJ.
This work has several applications. Varying the MTPJ angle in shoe and orthosis design has implications in modifying the absorption of shock, the functional rotation axis of the arch and the energetic savings. For example, previous work has shown that increasing the bending stiffness of shoes can limit MTPJ dorsiflexion, which can reduce energy losses in this joint [31] , and that a metabolic minimum exists at a critical stiffness where natural MTPJ dorsiflexion is not inhibited [32] . The lever arm from the ground reaction force vector to the ankle joint centre is also said to increase with the increasing bending stiffness of shoes [32, 33] ; however, the impact on MLA kinematics has not been taken into account. The study conducted here was completed in subjects with bare feet in a prescribed position, which may not fully translate to footwear mechanics during gait; however, the position of the arch and MTPJ inside the shoe may still affect energetics of the foot -shoe combination.
Adding to the understanding of the function of the windlass and its interplay with the arch-spring may have clinical implications in further understanding arch-related pathologies such as plantar fasciitis. The inhibition or engagement of the windlass in this pathology may have a functional effect on gait mechanics and patient rehabilitation. Finally, elucidation of these mechanisms may have implications in the field of evolutionary biology, because the interplay between the windlass and arch-spring mechanism probably affects performance and economy, which are hypothesized to be targets of natural selection.
Conclusion
The windlass mechanism explains arch function in static positions, when the arch is able to deform without resistance. However, during dynamic compressions, the elongation of the arch at a constant toe angle, and the associated energy absorption and return, demonstrate that the windlass does not fully define the plantar fascia's role in arch function. Overall, the windlass functions to modify the shape of the foot, which directly affects the arch-spring behaviour and the energetics of the foot. Data accessibility. The datasets supporting this article can be found online (https://goo.gl/xfJi6F).
